INTRODUCTION
With decreases in cost and increasing availability, clinical genome sequencing is no longer a technique of the future but a test available to any informed clinician. Although there are many working definitions of precision medicine, they share the fundamental idea that the health and medical services for each individual could be personalized using unique information about that individual such as the genetic information encoded by their genome sequence [1 & ]. The aims of this review are to summarize the history of genome sequencing with attention to creation of a reference sequence, to outline current methods in genome sequencing in a clinical setting, and to introduce future methods for obtaining more accurate and personalized genetic information.
THE HUMAN GENOME PROJECT AND REFERENCE SEQUENCE
To use a metaphor, the human genome is like a book with three billion characters represented as A C T G with 23 chapters. Each chapter corresponds to a chromosome, and every person has two copies of each chapter with one copy received from each parent. Among the three billion letters, only about 1.5% actually codes for the 20 000 genes in the human genome, and variation in some genes can cause genetic diseases, predispositions to disease, or change how a person responds to treatment. How the 'reference' book of the human genome was created is the first step understanding clinical genome sequencing.
The four-letter code of DNA was famously described in the 1960s and the first chemical process of reading DNA sequences, (which retained the eponym Sanger-sequencing) became automated in the 1980s [2] [3] [4] . Concurrently, during the 1960s and 1970s, the field of cytogenetics made the first physical maps of human chromosomes [5] , which made possible the placement of single genes to specific cytogenetically defined locations upon individual human chromosomes [6, 7] . As detailed physical maps of human genetic information converged with the automation of DNA sequencing, the research community conceptualized a collaborative, government-funded effort to obtain the entire sequence the human genome, termed the human genome project [8] .
With primary support from the US government, the human genome project used a specific and orderly process. Each chromosome was divided into fragments [9] [10] [11] . Fragments were mapped to a cytogenetic location upon each chromosome [12] . Each individual fragment was sequenced and assembled [13] . Fragments from adjacent sections were linked into long linear stretches of letters [14] . Ultimately, the sequencing of each piece was performed with first-generation automated Sangersequencing in lengths of approximately 1000 base pairs. These long linear stretches of DNA stitched together by chromosomes formed the original 'reference sequence'.
The human genome contains a large proportion of repetitive sequence and difficult to map regions not present in the first release of the human reference sequence; these problematic regions have required an additional decade of iterative fine mapping and finishing work to obtain more accurate and complete genome sequence [15] . The final product is the 'human reference sequence' which underlies the most widely used contemporary framework for clinical and research genome sequencing. A key point is that the reference sequence comes from a group of individuals from different ethnic backgrounds, which introduces complications in the current methodologies for genome sequencing as noted below [16 & ].
CURRENT METHODS IN GENOME SEQUENCING
When looking for a 'misspelled' word within genes that can cause disease, newer and cheaper techniques to read the genome are now available. The technical costs of sequencing a human genome are now less than $1500 per person. A single chromosome can be as long as 250 million letters, the first step is to cut up the DNA into much small fragments of approximately 1000-10 000 letters, then to 'read' 50-250 letters from each end of the fragment. Once all of the 'reads' are available, a software tool places these 'reads' in order relative to the human reference sequence. Next, a separate software tool is used to look for places where the reads do not match the reference, and a statistical hypothesis is computed to determine whether the mismatch represents a true genetic difference, or some type of error. Finally, we use knowledge about how a gene works to see if the genetic differences observed change the function of the protein. Genetic counselors play an indispensible role before testing by preparing patients and families to about the process and outcomes of testing, and afterward in interpreting genetic differences in the appropriate clinical context.
Sequencing and mapping
Commercial efforts to reduce the cost of DNA sequencing resulted in a handful of related
KEY POINTS
Genome sequencing is now available as a clinical genetic test, with key limitations on the type of genetic information that can be detected.
The current implementation of genome sequencing is based on looking for mismatches between short pieces of a patient's genome and the reference sequence generated by the human genome project.
Genetic counselors and other qualified clinicians are essential for the appropriate and ethical use of genome sequencing in the clinical setting.
Glossary
Indel An insertion or deletion of DNA. Example: Reference ACTGCGT, Insertion ACTGTCT GCGT, Deletion ACGT SNP Single nucleotide polymorphism. Example: Reference ACTGCGT, Alterative allele ACTACGT Reference sequence A version of the human genome produced by the human genome project from multiple individuals used as a baseline for comparison to sequencing information from single individuals. CNV Copy number variation, large insertions or deletions of DNA often defined as greater than 100 000 base pairs Base Pairs Adenine, Cytosine, Guanine, and Thymine which represent the four chemical letters or base pairs making up human genomic information Gene Panel Test The DNA from one or more genes related to a pathogenic condition are selected by a process of chemical hybridization or targeted amplification which is then followed by next-generation sequencing. Exome Sequencing All 20 000 genes (approximately 1.5% of the human genome) are selected by a process of chemical hybridization, followed by nextgeneration sequencing. Regions of the genome which do not encode for genes are not assayed.
technologies significantly cheaper than the firstgeneration Sanger-sequencing chemistry employed in the initial drafts of the human genome. These technologies are alternately referred to as nextgeneration sequencing (NGS), short-read technology, or sequencing-by-synthesis chemistry [17] .
From the competing technologies encompassing NGS, the chemistries and equipment marketed by Illumina Corporation (San Diego, California, USA) are the most widely used for clinical and research purposes [18] . However, a recent report of systematic errors from one widely used Illumina product illustrates the problems associated with relying on a single commercial provider of sequencing technology [19 & ]. The basic principle of the NGS involves optical detection of the base incorporated in the synthesis of a strand complementary to the sample DNA [20] . Relative to Sanger-sequencing, NGS has shorter read-lengths (50-250 base pairs compared to 1000 base pairs in Sanger sequencing) and higher error rates as a trade-off for the reduction in cost, a compromise which further complicates the steps of detecting genetic variation (Fig. 1a) . A DNA sample obtained from a patient is prepared by cutting the DNA into pieces of small fragments of around 1000-10 000 base pairs and the NGS technology then reads 50-250 base pairs (the current limit of this type of technology) from either end of the fragment; thus, each read is 'paired' with the read from the opposite end of the fragment-and termed 'paired-end' reads. To roughly illustrate the scale of a typical genome sequencing run for one person; a sequencing test or 'run' would be optimized to cover each nucleotide in the human genome 30 times, with three billion base pairs in the human genome such a run would produce approximately 90 billion letters requiring subsequent processing.
Read mapping
Alignment algorithms to detect the best match between two or more fragments of genetic sequence were developed and applied initially for determining the evolutionary relationship of nucleotide sequences from different species [21] . Subsequent adaptations for speed, higher throughput, and paired-end reads were necessary to handle the large amount of data arising from NGS [22, 23] . The results from sequence alignment can be visualized as the original sequencing reads ordered by their best match to a position on the reference sequence (Fig. 1b) . Given that there are many regions of the human genome that share identical or highly similar sequences, errors in alignment are inherent from the process of short-read mapping. Additional alignment errors may also arise from the chemistry errors within the NGS data, as well as imperfections or differences in the human reference sequence relative to the sequence data that are undergoing alignment.
Variant calling
Bioinformatic algorithms for detecting genetic differences, a process termed 'variant-calling', rely upon detecting mismatches between a reference sequence and the mapped reads (Fig. 1b) . The most widely used software for variant calling is the Genome Analysis Tool Kit (GATK), a comprehensive set of tools authored and maintained by the Broad Institute (Cambridge, Massachusetts, USA) [24] . Single nucleotide variants are relatively simple to detect. However, with current approaches, the likelihood of detecting insertions and deletions of DNA (indels) is inversely proportional to the size of the indel [25] . A number of integrated open source software tools exist as alternatives to GATK including FreeBayes and the RTG suite, each of which may offer advantages over GATK in areas such as detection of indels, calling variants within familial pedigrees, and processing time [26, 27] .
Mismatches between the reference sequence and mapped reads can arise from the presence of a true variant, but mismatches frequently come from errors in sequencing chemistry, biases in the reference sequence related to differences in the genetic background between the mapped reads and individuals originally contributing to the human reference sequence, or errors in the alignment process [28 && ]. Therefore, filtering of variants is a necessary step after variant calling. Variant calling algorithms employ statistical models of potential errors which incorporate information from the sequencing chemistry, read alignments, and reference sequence in order to assign a likelihood that a detected mismatch represents a true genotype, and these statistical models are used for filtering variants. No matter which analytical framework is applied, all variant filtering balances sensitivity and specificity, removing false variants at the cost of excluding real genetic differences [29] .
Annotation and interpretation
To understand the role a genetic variant might play in human health or disease, the addition of functional information is necessary in a process called 'variant annotation'. At a minimum, annotation incorporates information about the presence of a variant within a gene and the predicted function of the variant upon the protein product of that gene [30] . Many commonly used annotation tools offer a FIGURE 1. An illustration of the steps in clinical genome sequencing. (a) Generating raw sequencing data: after obtaining informed consent from the patient and family which includes discussion of family preferences regarding incidental findings, a sample of DNA is obtained from the patient and subject to fragmentation and preparation into a 'library' for sequencing. The library is subject to sequencing which yields raw data in the form of unordered 'reads' of sequence between 50 and 250 base pairs in length. (b) Mapping and variant calling: the raw data are mapped to the reference sequence from the human genome project resulting in an ordered alignment of the reads tiled across the entirety of the known reference sequence. In this representation of an alignment, matches to the reference sequence are denoted by dots, whereas mismatches are represented by a capital letter. Some reads may fail to be aligned or alternately may be aligned incorrectly in the wrong location. When a mismatch between the reads and the reference genome is detected in enough reads to provide a threshold of statistical confidence, a variant is reported. In this example, a cytosine is altered to a thymine at chromosome 5, position 172 660 039 of the hg19 human reference sequence. Note that other mismatches appearing only once or twice among the mapped reads are not reported and could represent errors in sequencing, errors in alignment, or true variants not meeting the statistical threshold for variant calling. (c) Annotation and interpretation: functional information is added to describe the predicted role this variant might play in changing the function of a protein product of a gene, in this example the gene is NKX2-5 a key transcription factor in heart development which when altered can cause congenital heart disease. The functional annotation utilizes a model of gene based on a variety of information which are organized and maintained by organizations such as the National Center for Biotechnology Information (NCBI) at the National Institutes of Health. In this example, the annotation includes the presence of this genetic difference in two important databases of human variation. The ExAC database is maintained by the Broad Institute, and this variant is not present among the 63 500 adults who have undergone exome sequencing and are ostensibly free of major malformations and early onset disease. The ClinVar database is maintained by the NCBI and curates genetic variation in genes associated with human disease with information contributed by providers and expert users of genetic testing services; from this resource, we see that the variant is present and has been reported to be pathogenic on two separate occasions in two different patients with congenital heart disease. Finally, the qualified clinician involved integrates all available annotations of the genetic variant along to interpret the variant in the context of the clinical scenario and determine key next steps; reporting, testing of family members, and the known disease or treatment correlates with the genetic variant.
variety of other types of information about genetic variants such as describing the presence of the variant within human population databases, evolutionary conservation of the variant among different species, and aspects of local genomic structure where the variant is located [31] . These data may then variously be incorporated into a clinical interpretation (Fig. 1c) .
In a clinical setting, interpretation of genome sequencing is dependent on the expertise of the clinicians involved and the medical context under which a test was ordered. Genomic testing for specific diseases falls under a widely accepted medical paradigm for obtaining timely diagnostic information [32, 33] , cancer genetics, or pharmacogenomics [34] , and is increasingly being used in clinical cases where previous targeted genetic testing has failed to yield a clear diagnosis [35] . In all use-cases, variants are most appropriately interpreted by clinicians with domain-specific expertise in the genetic basis of the specific disease under consideration.
Clinical genomic testing of asymptomatic healthy individuals for purposes of disease prediction or risk stratification is not yet supported by evidence [36] , though a handful of ongoing studies seek to address the cost and efficacy of predictive genomic testing in both children and adults [37, 38] . In addition to regulatory, ethical, and legal considerations, frameworks from professional bodies have been constructed to guide experienced clinicians in their interpretation and reporting of genomic information [39,40 && ]. Data-sharing efforts by researchers and providers of clinical genetic testing are increasing the body of knowledge for specific genes and variants, information that is fundamental to the process of interpreting genetic variation in an informed clinical context [41
Genetic counseling is standard of care before and after testing to ensure that patient and parental consent is truly informed and to provide appropriate context and follow up for the results. In addition, genetic counselors fill an integral role in performing variant interpretation with comprehensive expertise for specific genes and conditions, determining which variants merit reporting, and conducting cascade genetic screening of family members when appropriate. The term 'genomic counseling' has been coined to describe these essential roles, which typically fall outside the scope of practice for most physicians [43, 44] .
CURRENT LIMITATIONS AND FUTURE METHODS
Extending the metaphor of a book to illustrate different kinds of genetic variation, in addition to misspelled words, the genome of each person has large differences with unique sentences and paragraphs placed in different positions throughout any of the chapters. The short reads of current genome sequencing technology can detect the misspelled words [SNPs-(single nucleotide polymorphism) and small indels] reasonably well, but does not currently detect missing or extra sentences and paragraphs (microdeletions or duplications). Current genome sequencing technologies compare one book with another to provide a list of locations where an individual genome has small differences from the reference genome. Future applications have the potential to provide not just a list of differences, but rather a complete and entire book for each person.
Limitations of current methods
Compared to gene-panel or exome sequencing, genome sequencing provides a larger quantity of information. However, in its current form, genome sequencing is not a comprehensive genomic test. Genome sequencing does not allow direct determination of genetic inheritance, referred to as 'phasing'; follow-up parental testing is often necessary to ascertain diagnoses of conditions caused by recessive inheritance. Clinical genome sequencing does not yet reliably detect copy number variations (CNVs), for example, micro deletions or duplications such as 22q11 (DiGeorge) deletion syndrome, which are best assessed in a clinical setting by array comparative genomic hybridization (arrayCGH) or targeted FISH testing [45] . In addition, there is a large class of genetic variation, indels between 100 and 100 000 base pairs, which is poorly detected by current genetic and genomic technologies and the impact of such variation on human health and disease is simply not known at this time. Conversely, genome sequencing may offer a window into classes of variation such as somatic mosaicism which have been relatively difficult to detect [46 & ], and the role of genetic variation in sequence which does not code for genes conferring risk for disease [47] .
A key limitation in the application of genome sequencing is the small number of qualified clinical personnel with training and expertise. Clinicians who are ordering genome sequencing may alternately have training in medical genetics, or may be physicians with strong background knowledge in genomics, or training in genetic counseling. However, the increased availability of genetic testing in general has outpaced the availability of qualified clinicians of all types [48] . In order to meet the projected demands for genomic testing in general, new and integrated educational models in the use and interpretation of genomic testing are needed for clinicians in training and practice [49] .
Future methods
Because of the limitations of reference-based shortread genome sequencing, an active area of research seeks to perform a 'human genome project' upon each individual. The newest sequencing technologies are based on electrochemical reading of bases of DNA as they pass through microscopic pores, and have extended the read length to 2000 or more base pairs [50] . Although long-read sequencing is currently highly prone to errors, the combination of short and long read sequencing allows the assembly of an individual genome at a relatively rapid time and low cost [51] . In theory, a personal genome assembly should be better able to detect larger indels and CNVs in addition to the small mutations which are detected by the current paradigm [52] .
CONCLUSION
Genome sequencing has rapidly evolved over the last 10 years from a research tool to a clinically available diagnostic test. Although this review has focused on techniques in clinical genome sequencing, the concepts presented here apply to genepanel tests and exome-sequencing which utilize the same basic strategies to interrogate individual or multiple genes. Currently, clinicians considering a genetic diagnosis have wide array of testing choices which now includes genome sequencing. The rapid changes in our understanding of genetic disease frustrate the use of gene-panel tests; when a new gene or mechanism for disease is reported in the literature, a patient with a negative genetic test requires repeat testing with a second genetic test to include the new information. It is not difficult to imagine a future where a single comprehensive genetic test is ordered, such as genome sequencing, and the patient's report is updated annually with new findings as our understanding of genetic diseases evolves [53, 54] .
